Thank you again for submitting your work to Molecular Systems Biology. We have now heard back from the three referees who agreed to evaluate the study. As you will see, the referees find the topic of your study of potential interest and are generally supportive. They raise however a series of concerns that they felt required additional clarification and discussion, which we would ask you to carefully address in a revision of the present work.
The reviewers recognized that this work presented a thorough analysis of the relationship between transcriptional regulation and metabolic flux in E.coli, but they raised some apparently fundamental issues that they felt required additional discussion. In particular, and considering the broad readership of Molecular Systems Biology, the editor would like to emphasize the reviewers' indications that additional effort should be made to place this work in the context of other publications, and highlight the key novel insights provided in this work (especially as compared to your other works that followed a similar approach in yeast and B.subtilis).
In addition, the second reviewer requested some additional detail regarding, and statistical validation of, the flux analysis, as well as better descriptions of the error bars in the figures. The editor advises that the methods used to calculate error bars should be stated in the figure legends, and described in detail in the Methods section, as necessary.
Thank you for submitting this paper to Molecular Systems Biology.
Yours sincerely, Section Editor Molecular Systems Biology ---------------------------------------------------------------------------REFEREE REPORTS: ---------------------------------------------------------------------------Reviewer #1 (Remarks to the Author):
This is a excellent research paper. I really enjoyed reading it. I addresses a very interesting issue, how does deletion of specific transcription factors influence the fluxes in the central carbon metabolism in E. coli. I only have a few comments I suggest that authors consider in a revision. 1) I found it very interesting that the authors find that the glyoxylate cycle is active together with PEP carboxykinase. The authors state that this is a key route for respiration, and clearly it is. However, I think the authors should modify their discussion and commenting around this point, as this is actually potentially far more interesting than the authors may have thought. So why does E. coli use this route instead of the just going directly to the TCA cycle for respiring? Clearly this route is less efficient in terms of ATP generation, and the route is actually a futile cycle due to the shunting back of OAA to PEP and then the carbon is cycled through again (with part of it now going to the TCA cycle). So there is no net conversion of carbon to carbon dioxide in this cycle, so it is actually wrong of the authors to state that this route leads to combustion of hexoses to carbon dioxide. Back to why E. coli does this. It is interesting to note that this could point to that ATP is surely not limiting when growth is constrained (not maximum). It also seems like the real normal route for E. coli is to produce acetate (perhaps due to its presence in a most anaerobic environment in its natural habitat), but when there is oxygen then this can be take up again. Thus, it may actually be the conversion of hexoses to C2 compounds that is the normal route, and then further oxidizing these in the glyoxylate cycle. This does not explain why PEP carboxykinase is active and carrying flux. However, I believe this can be simply due to a requirement for flexibility of the metabolism (also mentioned by the authors). It is particularly interesting that despite this futile cycle the biomass yield coefficient is 0.5 g DW/g galactose (I calculated this from table 1). On a further note I find it interesting that in a study of yeast at different dilution rates Regenberg et al. found the glyoxylate cycle is active at low dilution rates, indicating the same kind of metabolism -namely conversion of hexoses to C2 compounds and the at the same time respiring this C2 compound. Is this perhaps more the rule than the exception for microorganisms that are facultative anaerobes? Something for the authors to consider.
2) Why use of "abundance" instead of "labelled" bottom of page 6.
3) I do not understand what the deviations of 19% and 49% on page 7 mean. Are they maximum deviations? 4) I found the way the reference to the different transcription factors and associated references is written on page 9 confusing. I suggest not put both the references and the TFs in the same parenthesis -the TFs do not need to be bracketed. 5) How was the wild-type optimality curve found in Figure 7 Reviewer #2 (Remarks to the Author):
The authors have estimated the central metabolic fluxes in 91 transcriptional regulator mutants growing on both glucose and galactose in order to identify transcription factors that impact metabolic flux distribution. The greatest strength of this work is the large dataset that has been assembled. The authors have studied knockouts of every transcription factor known to regulate a reaction in central carbon metabolism. The manuscript is of high interest because of this large quantity of data alone.
In addition, the authors tell a nice story about the regulation of the PEP-Glyoxylate cycle by Crp. The authors make a compelling case that the activity of this cycle is indirectly inhibited under conditions of high hexose uptake as a result of low intracellular concentration of cAMP. This story, coupled with the finding that E. coli produces biomass at a sub-optimal rate on galactose due to repressed galactose uptake, lends insight into the differences between glucose and galactose metabolism in E. coli, as well as the applicability of optimal growth yield generally assumed in all FBA calculations.
The manuscript could be improved by the inclusion of more details about the flux analysis. In the flux fitting it appears there were 26 constraints and 25 unknowns. How well did the estimated fluxes fit the data? Could you include some metric of the goodness of fit for each flux distribution in the data table?
Also please explain the error bars in the figures. What do you consider a "significant change?" Are the error bars one standard deviation? How were the error bars for the fluxes computed in Figure 4 ? Are these obtained from a linearization, or are they confidence intervals that account for nonlinearities in the system, as demonstrated in the re cent publication by Antoniewicz et al?
The finding that the metabolic flux distribution is relatively unaffected by transcriptional regulator knockouts is interesting but not novel. Similar results were shown in GCN4 KO yeast cells by Moxley et al in a recent PNAS paper. Which of the 81 transcription factors were known to regulate central metabolic enzymes? Were there many cases in which deletion of such a transcription factor did not significantly change the flux through the regulated reaction? Or were there many instances in which these knockouts affected absolute fluxes as expected without changing the relative flux distribution? Do you expect that the rigidity of the metabolic flux distribution is a result of redundancy in the transcriptional regulatory network?
Reviewer #3 (Remarks to the Author):
This study quantifies flux distributions in a large number of TF mutants in E coli in an attempt to unravel condition-dependent transcriptional control of metabolic fluxes. The main conclusion is that absolute and relative fluxes are hardly affected on glucose, whereas on galactose more is happening. Moreover, a causal relationship between hexose uptake rate and PEP-glyoxylate flux is described, which appears mediated by cAMP and Crp. Finally, it is observed that on galactose, but not on glucose, several TF mutants grow faster.
The overall concern is that in this study, obviously throughput has prevailed over depth of analysis (and discussion) of the observations. Although this is a perfectly valid choice, the reader is left with a lot of observations that are not followed up. Moreover, novelty is an issue (for a high impact journal such as MSB) as the approach has been followed before, by the same group, in studies on B subtilis and S cerevisiae.
Specific and major comments:
One important criticism to the work is conceptual. Basically flux distributions have been quantified in a large number of TF knockouts. The question is if such an approach reveals "the importance of transcriptional regulation in the control of metabolic fluxes" (quote p7, bottom). This quote illustrates a general problem throughout the paper, i.e. a very loose use of terms such as control and regulation. This is unfortunate given the fact that within the systems biology field Metabolic Control Analysis was developed to provide clear definitions -operational ones, actually. These definitions imply very different experiments than the ones done here. If one were to follow MCA, a TF with importance in flux control would affect a steady state flux when its activity (or protein level) is altered (not completely removed). Since the TF effect is mediated over a number of enzymespossibly-, it would be some sort of combined response (i.e. a sum of the products of the effect of the TF on the activity of enzymes, and the control that these enzymes have on the flux). Obviously, these effects would be very context specific, and multiple feedbacks would make it difficult to disentangle primary and secondary effects (as also clearly demonstrated in this paper through the cAMP example on galactose).
Obviously, this level of precision is not the ambition of this paper: here, knockouts are used to see if absolute and relative fluxes change at all, via direct or indirect ways. So even though the readout is quantitative and much appreciated, the answers to the question how important transcriptional regulation is, cannot be answered with TF knockouts and flux measurements only. Terminology and the discussion should be more precise on these matters.
In the discussion section I miss a reflection on the meaning of the results, in light of previous and very similar work in yeast and subtilis. What can we learn from these studies? Now, only the number of TF factors that show changes in flux are compared between coli and yeast, hardly interesting or meaningful for systems biologists! How solid is actually the conclusion that 5 + 4 TF control flux on glucose: this could also be indirect, just like with the 5 mutants on galactose. Especially for the 4 TF with non-obvious targets (e.g. via redox state?), this may well be possible.
In the discussion I also miss any reflection on, and integration with, numerous other studies in E coli, e.g. in chemostats with different dilution rates, where many omics data are available. Does transcriptional control of some of the fluxes described here show up in these studies? Such an analysis would bring this study to a higher level than "just" screening a set of mutants and reporting some interesting observations. Page 12. it seems appropriate to link and extend the discussion here about catabolic and anabolic NADPH formation with the discussion (at the discussion section) about the catabolic function of the PPP (which seems to provide excess NADPH). Could you also provide overall stoichiometry of the PEP-glyoxylate pathway to help the reader, and this reviewer, to understand this point better (uncoupling, why NADPH and not NADH). It seems that metabolic modelling may be helpful here to provide insight in how PPP, PEP-glyoxylate and glycolytic flux are coupled, possibly with growth, through NAD(P)H.
Figure 7 plots optimal yield against optimal growth rate, but nowhere is described how this is done, and with which model. This is not at all trivial. I presume it is only FBA based, as the plot is suspiciously symmetrical. Please provide details of methods and assumptions. Section has been rewritten to remove the TFs from the parenthesis.
use this route instead of the just going directly to the TCA cycle for respiring? Clearly this route is less efficient in terms of ATP generation, and the route is actually a futile cycle due to the shunting back of OAA to PEP and then the carbon is cycled through again (with part of it now going to the TCA cycle). So there is no net conversion of carbon to carbon dioxide in this cycle, so it is actually wrong of the authors to state that this route leads to combustion of hexoses to carbon dioxide. Back to why E. coli does this. It is interesting to note that this could point to t hat ATP is surely not limiting when growth is constrained (not maximum

5) How was the wild-type optimality curve found in Figure 7
The optimality curves signifiy equal biomass productivity; i.e. the product of growth rate and yield. Additional words for clarification have been added in the text on page13.
Reviewer #2 (Remarks to the Author):
The 
In addition, the authors tell a nice story about the regulation of the PEP-Glyoxylate cycle by Crp. The authors make a compelling case that the activity of this cycle is indirectly inhibited under conditions of high hexose uptake as a result of low intracellular concentration of cAMP. This story, coupled with the finding that E. coli produces biomass at a sub-optimal rate on galactose due to repressed galactose uptake, lends insight into the differences between glucose and galactose metabolism in E. coli, as well as the applicability of optimal growth yield generally assumed in all FBA calculations.
Thanks very much for these positive comments!
The manuscript could be improved by the inclusion of more details about the flux analysis. In the flux fitting it appears there were 26 constraints and 25 unknowns. How well did the estimated fluxes fit the data? Could you include some metric of the goodness of fit for each flux distribution in the data table?
Certainly. For the wild-type shake flask experiments we have two measures of flux quality: i) 95% confidence intervals from redundant 13-pattern for the FiatFlux approach and ii) flux sensitivities for the whole isotopologue fitting approach. Both estimates confirmed each other for all major fluxes (Supplementary Tables II and III) and this is mentioned now in the legend to Figure 1 .
In deep-well plate experiments, the error estimates are the 95% confidence intervals on individual experiments, where two independent experiments gave similar results, and both independent experiments are now listed in Supplementary Tables II and III Figure 4 and 5 represent the standard deviation of three independent experiments. Explanations of error bars have been added in the figure legends. For clarity, we show error bars only for mutants that deviate significantly from the wild type-like trend line.
The finding that the metabolic flux distribution is relatively unaffected by transcriptional regulator knockouts is interesting but not novel. Similar results were shown in GCN4 KO yeast cells by Moxley et al in a recent PNAS paper. Which of the 81 transcription factors were known to regulate central metabolic enzymes? Were there many cases in which deletion of such a transcription factor did not significantly change the flux through the regulated reaction? Or were there many instances in which these knockouts affected absolute fluxes as expected without changing the relative flux distribution? Do you expect that the rigidity of the metabolic flux distribution is a result of redundancy in the transcriptional regulatory network?
Indeed the Moxley paper shows that in yeast transcriptional regulation is not the only form of regulation, as do many other papers actually. For this reason we state in the introduction that in prokaryotes transcriptional regulation is not the only mode of regulation and that its role might even have been overemphasized. Of course, this does not mean that transcriptional regulation is not important. In fact the importance of transcriptional regulation is clearly demonstrated in this study by the fact that 2/3 of the regulator mutants show an altered absolute flux compared to the wild type (more than a 10% in-or decrease). We agree that more detail on metabolic targets for the transcription factor mutants would be helpful. In Supplementary Table I We do not entirely agree to this restatement of our main findings. We state in the abstract that in 2/3 of the cases the TF mutations affect the absolute flux values. In our view there is a lot happening! Our main focus was on the choice between different pathways, and here indeed fewer TFs appear to play a controlling role, but it is the other way around: one exerts direct control on galactose and about a handful on glucose. Is that not much happening or just what the cell needs? We believe the latter.
Again, we do not fully agree with the reviewer. Firstly, we made a very clear choice which question to address (ie which TFs control the distribution of flux), and we did that comprehensively by analyzing all relevant TF mutants. In our view this does not just lead to observations but to relatively clear answers to the question asked. Secondly, we follow up on the findings on galactose by providing the necessary evidence to infer the actual biochemical mechanism that controls the key pathway on galactose. About 1/3 of the text deals with this issue and this roughly reflects the experimental effort that went into this follow up. While this is clearly not a detailed biochemical manuscript, we actually did quite an effort beyond the large-scale analysis. For novelty, please see below. Thank you for this excurse into MCA, and we agree that our approach cannot differentiate the extent certain enzymes control pathway flux. However, our goal was a different one, namely to identify the relevant TFs (not enzymes) that control absolute flux and the distribution of flux between different pathways in a network. Therefore we argue that the terminology "control of absolute flux" and "control of flux distribution" are correct.
Specific and major comments: One important criticism to the work is conceptual. Basically flux distributions have been quantified in a large number of TF knockouts. The question is if such an approach reveals "the importance of transcriptional regulation in the control of metabolic fluxes" (quote p7, bottom
To perform a full-fledged MCA on the mutant collection we show here, would have required to analyze many more metabolic states, protein levels, and metabolite levels to estimate the elasticity coefficients. In our view, it is more appropriate to first find out what is relevant, and that is what we attempted. On the basis of our data, one can now zoom into the key TFs that are relevant under a given condition. We certainly invite the reviewer and other colleagues to attempt to understand in more detail now how a TFs actually controls the flux. We absolutely agree that these are the next steps and we have started this already to some extent in the Fendt et al paper on yeast. We do not want to claim that our approach is sufficient to learn everything about transcriptional regulation. We do claim, however, that our approach allows to conclude on which TFs control the distribution of flux between different pathways in a network. On this our terminology is precise. We fully agree with the notion that concepts such as MCA are much better suited to address questions on the control of absolute flux through one pathway and how this is distributed over the various enzymes, but this is NOT the question we are asking here. Now that we know which TFs are important, there are several pertinent follow-up projects possible on modulating the relevant factors and sorting out in detail on which enzymes are actually relevant. We started this already in the yeast network paper (Fendt et al), but our focus here was on disentangling the more complex metabolic network of E. coli. Point well taken. We now discuss in more detail the novelty of our work relative to our previous yeast work. The older B. subtilis study does not really qualify because it dealt with all type of mutants and very few transcription factors. Biologically we find different factors and different pathways to be controlled, but in both cases we provide condition-specific relevance of TFs that was not possible by genetic means. Is that interesting for a systems biologist? For those of us who work on transcription networks ñ yes! Our focus was obviously on learning about active regulation networks from large-scale data and not on detailed analysis of one pathway or enzyme. In our view both approaches have their relevance for systems biology.
How solid is the conclusion of 5 + 4? The data are quantitative and all 9 clearly affect the distribution of flux into the TCA cycle on glucose. By interpreting our data on the basis of the known transcriptional network of E. coli, the 5 appear to be direct. We cannot exclude, however, that they also exert an indirect affect. So the conclusion is "semi"-solid but fully consistent with the current knowledge. What is new is that we can quantify the strength of flux control on this flux distribution, which would not be possible by the previously used genetic methods. Fully in accordance with the reviewer, we cannot make any firm conclusion on direct vs indirect for the other 4 TFs, and this is what we wrote. Sorry for being potentially too cryptic here. We added two sentences to clarify the relevance for redox metabolism. In the discussion section we did not want to address this topic, however, as it is only a minor point in the manuscript and we are afraid of loosing focus. The stoichiometry of the PEP-glyoxylate cycle is now provided at the first mention of the cycle.
There is clearly no coupling of the three pathways to growth via NADPH. Through its often extensively used transhydrogenases, E. coli can and does often deal with extensive catabolic over and underproduction of NADPH. A mathematical model in this case would have to go beyond stoichiometry into ODEs and kinetic parameters of all involved enzymes in a relatively large network. To date, such a model has never been reported for E. coli and would clearly go beyond the scope of this study.
Figure 7 plots optimal yield against optimal growth rate, but nowhere is described how this is done, and with which model. This is not at all trivial. I presume it is only FBA based, as the plot is suspiciously symmetrical. Please provide details of methods and assumptions.
Sorry for not being sufficiently precise here. We plotted two experimental measurements here: growth rate and biomass yield (not optimal yield). Hence there are no assumptions and no models. We still feel that "Growth optimality" is the correct title, but to avoid confusions we now label the axis as "experimental biomass yield". Thank you again for sending us your revised manuscript. We are feel that the modifications and clarifications included in this revised manuscript have fully addressed the concerns raised by the reviewers, and I am pleased to inform you that your paper has been accepted for publication.
Thank you very much for submitting your work to Molecular Systems Biology.
Sincerely,
Section Editor
Molecular Systems Biology
